We report on optical polarimetric observations of two Apollo type near-Earth asteroids, (422699) 2000 PD3 and (3200) Phaethon, and BVRI photometric observations of 2000 PD3 using the 1.6m Pirka telescope in 2017. We derived the geometric albedo of p v = 0.22 ± 0.06 and the color indices (B-V = 0.282 ± 0.072, V-R = 0.198 ± 0.035 and V-I = 0.203 ± 0.022) for 2000 PD3 which are consistent with those of S-type asteroids (including Q-types). The effective diameter of 2000 PD3 was derived as 0.69 ± 0.15 km using our derived geometric albedo. We found that our polarimetric data of Phaethon in 2017 is deviated from the polarimetric profile taken at different epoch of 2016 using the identical instrument setting (Ito et al., 2018). This result suggests that Phaethon would have a regional heterogeneity in grain size and/or albedo on its surface. Keyword. Asteroids; (422699) 2000 PD3; (3200) Phaethon; optical polarimetry; optical photometry 1972; Dollfus 1998; Shkuratov and Opanasenko 1992). Despite such importance of the polarimetry, there are a limited number of polarimetric studies on asteroids at large phase angles (α ≥ 30°) because of limited observing opportunities.
Introduction
Polarimetric observing technique has been applied to study physical properties on asteroid surfaces because it is a powerful method for investigating the light scattering properties such as the albedo and the regolith particle size. The liner polarization degree P r is defined as
where I and I are the perpendicular and parallel components of the intensities of light beam with respect to the scattering plane (the plane where the Sun, asteroid and observers exist), respectively. It has been known that P r exhibits a strong dependence on the phase angle α (Sun-Target-Observer's angle) (Dollus et al., 1989) . Such relation is characterized by the presence of a negative branch and a positive branch (Geake and Dollfus, 1986) . The geometric albedo of asteroids in the V-band, p v can be derived empirically (but reliably) from polarimetric slopes around the inversion angle (Zellner and Gradie 1976) although that is often obtained by the combination of thermal infrared observations and optical observations (e.g. Sekiguchi et al., 2018) . The albedo value is of importance for estimating diameters and classifying taxonomic types of asteroids. Besides, the maximum values of the polarization degree, P max have a moderate correlation with the surface grain sizes as well as p v (so-called Umov law, Bowell et al., of the Earth.
We report our new optical polarimetric observations of two Apollo type asteroids, (422699) 2000 PD3 and (3200)
Phaethon and photometric observations of 2000 PD3 at relatively large phase angles in order to understand the scattering properties of these NEAs. We summarized their orbital parameters in Table 1 . In autumn of 2017, 2000
PD3 was observable over the wide range (α = 20°-120°). Phaethon gains attention to planetary scientists in that it is the parent body of the Geminid meteor stream. This asteroid is classified as F-type (Tholen 1984) or B-type (Bus and Binzel 2002) . In December 2017, there was a unique opportunity to obtain polarimetric data at extremely large phase angle (α = 30°-130°). The major purpose of this study was a polarimetric comparison of an S-type asteroid and a C/B-type asteroid. Within the period, we got one-night polarimetric data to confirm consistency with polarimetric data taken with the identical instrument used one year prior to our observations (Ito et al., 2018) .
The observations and the data reduction are described in Section 2, the results in Section 3 and the discussion in Section 4. In this paper, we mostly focus on the derivation of albedo, size and taxonomic type of 2000 PD3 because we obtained a substantial data set. However, we would emphasis that our follow-up polarimetric observation of Phaethon using the instrumental setting identical to Ito et al. (2018) is also important, because the regional heterogeneity on the asteroid has just been involved in an argument (Zheltobryukhov et 
Observations and Data Reduction
Our targets were selected for comparison of a typical S-type redder asteroid (2000 PD3) Hereafter, we describe the details about photometry and polarimetry separately. Table 2 . The exposure lengths for the same objects vary a lot even for obtaining more S/N. Polarimetric data and the standard calibration frames (e.g., biases and dome flat fields) were acquired for each observation. In order to measure the intensities of ordinary rays and extraordinary rays, the aperture photometry method was applied for all images of each asteroid and polarimetric standard star (HD212311). The Stokes parameters (I, Q and U) are deduced from these intensities at a set of half-wave plate position angles in degree, which are given as
Polarimetry
and U I = '( I e22.5 /I o22.5 I e67.5 /I o67.5 -1) / '( I e22.5 /I o22.5 I e67.5 /I o67.5 +1) ,
where the subscript characters 'o' and 'e' denote the ordinary and extraordinary components while subscript numbers stand for the angles (in degree) of half wave plate. The liner polarization degree (,) and the position angle of polarization (θ p ) are calculated from
and θ p =
After correcting for instrumental effects which include corrections for the polarization efficiency, the instrumental polarization and position angle offset (see, Appendix), the liner polarization degree (P r ) and the position angle of polarization (θ r ) with respect to the scattering plane (Zellner and Gradie, 1976 ) are derived by
and
where Φ is the position angle of the scattering plane on the sky. j Error of position angle of strongest electric vector in degrees.
k Polarization degree with respect to the scattering plane in percent.
l Position angle with respect to the scattering plane in degrees.
Photometry
BVRI photometric observations of 2000 PD3 were carried out on two photometric nights, UT 2017-Aug-29 and UT 2017-Sep-4. Photometric data of the target asteroid 2000 PD3 and the Landolt standard stars, SA20 245 and SA20 139 (Landolt 2013) , were acquired at airmass as close as possible to cancel out the wavelength-dependent atmospheric extinction. Because the difference in airmass was so small (0.01-0.04), photometric errors were smaller than about 0.01 magnitude (0.003-0.012 mag) under the typical sky condition at the observatory (i.e., the extinction coefficient of ~0.3 was assumed). Bias frames and dome flat field frames were taken every night. Table 3 presents the observing geometry of the object and standard stars. The basic reduction and aperture photometry were executed in the same way as polarimetry (Subsection 2.1). 
Results

Linear Polarization Degree
We summarize the results of our polarimetric observation in Table 2 . 
Geometric Albedo of 2000 PD3
The geometric albedo p v of 2000 PD3 was measured from its thermal infrared to be 0.22 ± 0.18 by NEOWISE 
where C 1 and C 2 are constants. C 1 = -0.780 ± 0.037 and C 2 = -1.469 ± 0.036 (when p v ≥ 0.08) were derived by Cellino et al. (2015) . h slp is the polarimetric slope near the inversion angle.
The polarimetric slope h slp = 0.095 ± 0.032 ( Fig. 1) was obtained from our V-band data of 2000 PD3 and p v = 0.22 ± 0.06 was calculated using the formula (8) . We adopted the linear fitting which should be reasonable in 
Diameter of 2000 PD3
In order to estimate the diameter of 2000 PD3, its absolute magnitude and geometric albedo are needed. The absolute magnitude H of asteroids is the V-magnitude if they would be placed at 1 au from the geocenter and the Sun, and at zero phase angle. The absolute magnitude is expressed as a so-called the H-G system (Bowell et al. 1989 ) and given by
where +(α) is the reduced magnitude at the phase angle α, and the slope parameter G. Φ 1 (α) and Φ 2 (α) are functions that describe the scattering off the surface (Dymock, 2007) . We calculated Φ 1 (α) = 0.056 and Φ 2 (α) =0.244. We applied the empirical value G = 0.15 (e.g., Bowell et al. 1989 ), which is typical to S-type asteroids. The reduced visual magnitude is expressed as
where r and ∆ are the heliocentric and geocentric distances of the object, respectively. For estimating the H value of this object, we just used the observational result on September 4 which corresponds to the rotation phase = 0.76 (see, Fig. 2) . The reduced magnitude of this object at this point seems an average of the variation magnitude of this object in Fig. 2 . Thus, we calculated H =18.11 ± 0.050 (magnitude) from the apparent magnitude V obs (76.9) = 16.06 ± 0.050 at the observing run on September 4, 2017.
The absolute magnitude H, geometric albedo p v and diameter D (km) for asteroids are related by the following relation (e.g., Fowler and Chillemi, 1992) . 
BVRI colors of 2000 PD3
Discussion
2000 PD3
From polarimetric data, 2000 PD3 is classified into S-or Q-type asteroids (an S-complex group). In addition, color photometric results support S-type taxonomy. Using the data over the near infrared from online databases (The MIT- 
Phaethon
The high polarization degree indicates that Phaethon is one of the lowest albedo asteroids which are corresponding to the F-type asteroids (e.g., Belskaya et al., 2017) . Asteroids previously classified as F belong today mostly to the larger B or C classes (e.g., Bus and Binzel 2002) . 
Summary
Polarimetric data of near-Earth asteroids 2000 PD3 and Phaethon were obtained at very large phase angles We found that our polarimetric data of Phaethon in 2017 is deviated from the previous polarimetric profile in 2016.
This result supports the idea that Phaethon would have a regional heterogeneity of grain size and/or albedo on the surface. 
where G ;HH is a polarization efficiency, which was examined by taking dome flat images through a pinhole and a Polaroid-like linear polarizer, which produces artificial stars with P = 99.97 ± 0.02% (V) and 99.98 ± 0.01% (R c ). 
where # U;H is a given parameter for specifying the position angle of the instrument and determined to be # U;H = -0.52. Through an observation of strongly polarized stars (BD+59 389, HD19820 & HD25443 ) in 2016
Oct, we derived # :HH = 3.93 ± 0°.10 in the V-band and 3°.94 ± 0°.31 in the R c -band.
